Background: Screening for congenital adrenal hyperplasia (CAH) using immunoassays for 17α-hydroxyprogesterone generates many false-positive results. We developed and validated a liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay for simultaneous quantification of nine steroid hormones in dried blood spot (DBS) samples, and established reference intervals for these hormones.
INTRODUCTION
Serum steroid assays play an important role in the clinical evaluation of many common endocrine disorders [1] . Congenital adrenal hyperplasia (CAH), the most common adrenal gland disorder in infants and children, is a group of autosomal recessive disorders [2] . The 21-hydroxylase catalyzes hydroxylation of 17α-hydroxyprogesterone to 11-deoxycortisol in the glucocorticoid pathway [1] . In particular, 21-hydroxylase deficiency is the cause of approximately 95% of CAH cases [2] . Most neonatal screening pro-www.annlabmed.org https://doi.org/10.3343/alm.2019.39. 3 .263 grams worldwide include the detection of CAH, and the standard test parameter is 17α-hydroxyprogesterone [3, 4] .
Although immunoassays to evaluate 17α-hydroxyprogesterone are easy to handle, rapid, and highly sensitive, they have questionable reliability because of a lack of specificity to CAH and matrix effects [5] . Conventional screening for CAH using immunoassays for 17α-hydroxyprogesterone generates many falsepositive results [3, 5] , which not only upset parents and medical staff but also necessitate subsequent costly clinical and laboratory analyses [3] .
While the inclusion of extraction steps improves immunoassay specificity, all interfering molecules cannot be completely eliminated [5] . Several studies attribute the low specificity to crossreactivity of antibodies with steroids other than 17α-hydroxyprogesterone, such as steroid sulfates, 17α-hydroxypregnenolone, and 17α-hydroxypregnenolone sulfate [1, 3, 5] . Poor immunoassay specificity is an issue, especially in preterm or stressed infants, who have high concentrations of delta-5 cross-reacting steroids [2] . Preterm neonates often have high concentrations of 17α-hydroxyprogesterone because of stress or delayed maturation of 11-hydroxylase [1] , which can reduce diagnostic specificity in screening for CAH by antibody-based methods, potentially resulting in false-positive diagnosis and generating demand for a second-tier confirmation test [2] . Using steroid profiling by liquid chromatography-tandem mass spectrometry (LC-MS/MS) in neonate screening for CAH yields fewer false-positive results because of its high analytical specificity and potential to quantify several compounds in a single run [2] .
LC-MS/MS is the most accurate method currently available for measuring small molecules, and it can measure multiple steroid hormones simultaneously [6] . Steroid profiling with LC-MS/MS allows for evaluation of the status of enzymes involved in adrenal steroid biosynthetic pathways; thus, it is a better diagnostic tool than the evaluation of a single steroid [6] . A specific LC-MS/MS method with simultaneous detection of multiple steroids has been introduced to minimize unnecessary followup analyses [3, 6] . Although previous studies examined multiple steroid hormonal analyses using LC-MS/MS in Korea, they included limited numbers of steroids [6, 7] or did not evaluate clinical screening for CAH using patient samples [6] . Testosterone and progesterone, steroid hormones useful for the screening and diagnosis of CAH, have not been studied using dried blood spots (DBS) in Korean neonates [6, 7] .
We developed and validated an LC-MS/MS method that accurately detects cortisol, 17α-hydroxyprogesterone, 11-deoxycortisol, 21-deoxycortisol, androstenedione, corticosterone, 11-deoxycorticosterone, testosterone, and progesterone in DBS, so as to be suitable for the screening and diagnosis of CAH in neonates. As the reference interval is not only method-specific [8] but also age-specific [9] , we also determined age-specific reference intervals for the nine aforementioned steroids for healthy Korean neonates, including preterm neonates.
METHODS
Reagents, instruments, analytical conditions, and sample preparation Samples were collected on DBS cards (Honeywell Burdick & Jackson, Morristown, NJ, USA) between May 2013 and November 2016 at Samsung Medical Center, Seoul, Korea. Reagents, instruments, analytical conditions, and sample preparation were as described previously [6, 8] with modifications for two more steroid hormones (testosterone and progesterone). Quantitative analyses were conducted in multiple reaction monitoring mode using an Agilent 6490 Triple Quadrupole Mass Spectrometer equipped with an Agilent 1260 Infinity HPLC system (Agilent Technologies, Santa Clara, CA, USA).
Operating conditions are shown in Table 1 . To determine reference intervals for the nine steroids in Korean subjects, the 1,146 DBS samples from neonates (272 from preterm and 874 from full-term neonates) were analyzed using the LC-MS/MS method, and the data were stratified by sex.
Assay performance characteristics
Assay performance characteristics, including assay range, lower limit of quantification (LLOQ), linearity, precision, accuracy, extraction recovery, and matrix effects were evaluated according to the updated guidelines and literature for MS/MS method validation and neonate screening [2, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Accuracy was additionally assessed by participating in the second-tier Congenital Adrenal Hyperplasia Proficiency Testing Program (CAHPT), a proficiency test for immunoassay and LC-MS/MS methods published quarterly by the Newborn Screening Quality Assurance Program of the Centers for Disease Control and Prevention [4] . In total, 1,146 anonymized DBS samples submitted for routine clinical testing were used to compare 17α-hydroxyprogesterone concentrations determined by immunoassay (AutoDELFIA; PerkinElmer, Waltham, MA, USA) and LC-MS/MS.
Reference intervals
Reference intervals were determined according to the CLSI guidelines [9] and compared with previously reported intervals in the other populations [6, 8, [23] [24] [25] 27] . To validate the reference intervals, we used additional anonymized samples from eight neonates without CAH (normal neonates), three full-term neonates with CAH (21-hydroxylase deficiency) whose 17α-hydroxyprogesterone was > 18.2 nmol/L by immunoassay, two girls (4 and 14 years old) with CAH (21-hydroxylase deficiency), and a 3-year-old girl with congenital adrenal lipoid hyperplasia due to StAR mutation.
Statistical analyses
All data for steroid hormones with or without stratification by age and sex were not normally distributed. We used the Mann-Whitney U test to compare them. Reference inervals were estimated as the central 95% (the 2.5th and 97.5th percentiles) of the distribution of test results according to the CLSI guidelines [9] . P < 0.05 was considered significant. Bland-Altman plots were created, and the nonparametric Passing-Bablock regression was conducted to compare the immunoassay and LC-MS/MS for 17α-hydroxyprogesterone, using MedCalc software for Windows, version 17.9.7 (MedCalc Software, Ostend, Belgium) [17] .
Ethics
This study was conducted according to the Declaration of Helsinki, and all procedures involving human subjects were approved by the Institutional Review Board of Samsung Medical Center (SMC 2012-08-058), Seoul, Korea. 
RESULTS

Performance of LC-MS/MS for nine steroid hormones
Analyses of steroid-free samples showed no interfering peaks at either steroid or internal standard retention times. The total run time for each sample was 16 minutes. There were linear correlations between steroid concentration and signal intensity for cortisol (2.8-828.0 nmol/L) as well as for the other steroids (0.9-40.0 nmol/L; R 2 > 0.99). In addition, steroid concentrations that were 10 times higher than the highest calibrator still complied with linearity [14, 24] . Intra-day precision and inter-day precision CVs were 2.52-11.54% and 3.53-17.12%, respectively. Accuracy was 80.81-99.94% (difference: 0.06-19.19%). High accuracy was assured by participating in CAHPT and having acceptable results for four quarters [4, 14] . Extraction recovery (the average percent of the target concentration recovered from DBS calibrators run as patient samples) was 64.3-74.2%, and the matrix effect was 88.0-125.4%.
In the comparison between the LC-MS/MS method and immunoassay for 17α-hydroxyprogesterone, the LLOQ of the immunoassay for 17α-hydroxyprogesterone determination was 0.3 nmol/L. The correlation coefficient (r) was 0.8104 (95% CI: 0.7896-0.8294, P < 0.0001), and there was a negative bias, with higher values measured by immunoassay than by LC-MS/ MS over the entire data range (Fig. 1) .
Reference intervals and clinical application to 21-hydroxylase deficiency
Reference intervals of all steroid hormones except testosterone and progesterone significantly differed between preterm and full-term neonates (Table 2, P < 0.0001). Reference intervals and median values of the nine steroids determined in this study in comparison with those reported by other studies are presented in Tables 3 and 4 . Of the nine steroids, only testosterone concentrations differed significantly by sex. The LC-MS/MS method allowed reliable differentiation of samples from 21-hydroxylase-deficient and unaffected neonates (Fig. 2) . Of the two children with 21-hydroxylase deficiency, the 14-year-old girl was identified as screen positive for 21-hydroxylase deficiency with increased 17α-hydroxyprogesterone, 21-deoxycortisol, and androstenedione, and the 4-year-old girl was screen positive with only increased 17α-hydroxyprogesterone (her cortisol concentration was higher than the upper limit of the reference interval for full-term neonates). The ratio of androstenedione+17α-hydroxyprogesterone to cortisol of the children was not higher than the upper limit of the reference interval for either full-term neonates or preterm neonates. For the 3-year-old girl with congenital adrenal lipoid hyperplasia caused by StAR mutation, the cortisol concentration was higher than the upper limit of the reference interval for full-term neonates, whereas the other steroids were within the reference interval for full-term neonates.
DISCUSSION
We developed and validated an LC-MS/MS method for the simultaneous quantification of nine steroids in DBS. In addition, we determined age-specific reference intervals of the nine steroids for Korean neonates (preterm and full-term). To the best of our knowledge, this is the first attempt to determine reference intervals for testosterone and progesterone concentrations in www.annlabmed.org 267 DBS samples from Korean neonates. Intra-day precision and inter-day precision CVs were comparable with results in the literature and guidelines [2, 12, 13, 16, 22] . Accuracy was within the acceptable range for neonatal screening using MS/MS [2, 4, 12, 13, 16, 17, 22] . Extraction recovery and the matrix effect were comparable to the previous findings and existing guidelines for neonatal screening by MS/ MS [2, 11-13, 16, 17, 20-23] . In our study, the bias between LC-MS/MS and immunoassay findings changed over the measurement interval in a linear fashion, and there was a negative bias, with higher values measured by immunoassay than LC-MS/MS over the entire range.
To avoid unnecessary tests, a sensitive and specific test, such as the LC-MS/MS method, is advantageous [1, 7] . Our method allows for simultaneous and rapid quantitation of nine steroids related to CAH with high specificity and without compromising Table 3 . Reference intervals (nmol/L) of nine steroid hormones in dried blood spots from Korean preterm neonates and comparisons with previous studies This study Kim et al . [6] Janzen et al. [24] Boelen et al. [25] *To convert ng/mL to nmol/L for data comparison, multiplication factors of 2.76 for cortisol, 2.89 for 21-deoxycortisol, corticosterone, and 11-deoxycortisol, 3.49 for androstenedione, 3.03 for 11-deoxycorticosterone and 17α-hydroxyprogesterone, and 3.67 for testosterone were applied [26] . Abbreviations: GA, gestational age; W, week. *To convert ng/mL to nmol/L for data comparison, multiplication factors of 2.76 for cortisol, 2.89 for 21-deoxycortisol, corticosterone, and 11-deoxycortisol, 3.49 for androstenedione, 3.03 for 11-deoxycorticosterone and 17α-hydroxyprogesterone, 3.18 for progesterone, and 3.67 for testosterone were applied [26] . Abbreviations: F, female; GA, gestational age; LLOQ, lower limit of quantification; M, male; W, week.
